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Nephrin localizes to the slit pore of the glomerular epithelial epithelial cell (podocyte) [1]. Distinct from the intercel-
cell. lular junction of typical polarized epithelial cells, the slit
Background. Recognition that mutation of the protein pore lacks both the protein composition and structurenephrin, encoded by the NPHS1 gene, singly results in the
of typical occluding junctions. Unlike typical occludingcellular alterations that result in foot process effacement, and
intercellular junctions that restrict significant paracellu-nephrotic range proteinuria emphasizes the pivotal role that
this protein plays in regulating glomerular filter integrity. This lar transport, the podocyte intercellular junction allows
article reports the development of reagents necessary to study filtration of macromolecules up to 70 A˚. At the slit pore,
the biology of nephrin in mouse, and describes the initial char- plasma membranes of adjacent podocytes are widelyacterization of the nephrin protein.
spaced but are bridged at the narrowest point of theMethods. A cDNA including the full-length mouse nephrin
junction by the “slit diaphragm.” First described in 1974open reading frame was cloned and sequenced. Immuno-affin-
ity purified polyclonal antiserum directed against the cyto- as an electron-dense structure that forms a zipper-like
plasmic domain of mouse nephrin was developed. continuous membrane connecting interdigitated podo-
Results. Nephrin identified in mouse glomerular extract was cyte foot processes, the molecular composition of thefound to be a glycoprotein with an apparent molecular mass
slit diaphragm remains unknown [2].of 185 kDa. As detected by indirect immunofluorescence mi-
A close relationship exists between the occurrence ofcroscopy and immunogold electron microscopy, nephrin was
located only in visceral glomerular epithelial cells, where it foot process effacement and proteinuria. This relation-
was targeted to intercellular junctions of mature podocyte foot ship is commonly observed in renal biopsies of individu-
processes. In developing glomeruli of newborn mouse, anti- als with a wide variety of glomerular diseases associated
nephrin immunolocalized to the earliest slit pore regions be-
with the nephrotic syndrome and has been demonstratedtween differentiating podocytes, sites where slit diaphragms
in several animal models of glomerular injury [3]. Footfirst become visible.
Conclusion. As a putative cell adhesion molecule of the process effacement appears to be a rapid and reversible
immunoglobulin superfamily, nephrin likely participates in process. For example, an injection of protamine sulfate
cell–cell interactions between podocyte foot processes and may into the renal artery of rabbits results in proteinuria in
represent a component of the slit diaphragm. association with foot process effacement within only 10
minutes [4]. A subsequent injection of heparin competes
for bound protamine and restores foot process structure
The major function of the glomerulus is ultrafiltration and the glomerular filtration barrier again within 10 min-
of plasma macromolecules. The structurally complex glo- utes [4]. In the human, both foot process effacement
merular capillary wall that is responsible for this function and proteinuria seen in steroid-sensitive minimal change
is comprised of three layers: a fenestrated endothelium, disease (for example) are rapidly reversed following
an interposed glomerular basement membrane (GBM), treatment. The cellular and molecular mechanisms gov-
and the “slit pore” formed at the intercellular junction erning these dramatic and rapid changes in podocyte
of interdigitated foot processes of visceral glomerular structure are incompletely defined. These structural
changes likely require the coordinated interplay of multi-
ple cellular processes, including rearrangement of theKey words: nephrin, molecular cloning, podocyte, subcellular localiza-
tion, cell adhesion, slit diaphragm. structure of the cytoskeleton, spreading or dynamic cell
adhesion of the foot process over the basement mem-Received for publication June 3, 1999
brane, and disassembly or reassembly of the intercellularand in revised form July 16, 1999
Accepted for publication July 16, 1999 junction that comprises the slit pore.
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neous group of diseases characterized by massive pro- clones were sequenced along both strands over their
entire length using an ABI automatic sequencer. 59-teinuria at birth. A distinct entity, congenital nephrotic
syndrome of the Finnish Type (CNF), is an autosomal RACE was used to obtain the 59 extent of the nephrin
open reading frame using commercially prepared mouserecessive disorder that has an incidence of 1:10,000 births
in Finland but has a considerably lower incidence in kidney cDNA (Marathon; Clonetech, Palo Alto, CA,
USA) according to the directions of the manufacturer.other countries [5–7]. The disease is first manifest by
heavy proteinuria and polyhydramnios in utero. Al- The 59 sequence obtained by PCR was compared for
accuracy with exonic sequence of the mouse homologuethough there are no defining pathological features of the
disease, electron microscopy reveals only diffuse podo- of the NPHS1 gene (unpublished data). DNA sequence
was assembled and analyzed using Sequencher softwarecyte foot process effacement.
Recent identification of the gene mutated in CNF (Gene Codes Corp., Ann Arbor, MI, USA) and the
Sequence Analysis Software Package of the Genetics(NPHS1) by Kestila et al provides an important starting
point for understanding the molecular basis of podocyte Computer Group (Madison, WI, USA).
dynamics [7]. Several factors implicate this gene as that
Northern analysisresponsible for CNF: (a) Mutated NPHS1 was linked by
dysequilibrium analysis to a critical 150 kb region on A nylon membrane containing 2 mg/lane of polyA1
RNA extracted from multiple adult mouse tissueschromosome 19q13.1. (b) Two mutations identified in
the study were shown to be present, either as homozy- (Clonetech) was hybridized overnight with a 32P-labeled
0.5 kb PCR-amplified nephrin cDNA fragment corre-gous or compound heterozygous mutations, in 90% of
Finnish patients studied, and (c) the gene appeared to sponding to the mouse nephrin cytoplasmic domain. Hy-
bridization was carried out at 428C in a buffer containinghave glomerular-specific expression by in situ RNA hy-
bridization [7]. The gene product encoded by NPHS1 50% deionized formamide, 1 3 PE (5 3 PE is 250 mm
Tris, pH 7.5, 0.5% sodium pyrophosphate, 5% sodiumhas been named nephrin [7]. Structural analysis suggests
that nephrin is a member of the immunoglobulin super- dodecyl sulfate (SDS), 1% polyvinylpyrrolidone, 1% fi-
coll, 25 mm ethylenediaminetetraacetic acid (EDTA),family of cell adhesion molecules (CAMS) that might
mediate either cell–cell interactions or cell–extracellular and 5% bovine serum albumin (BSA), 5 3 standard
saline citrate (SSC), and 150 mg/ml salmon sperm DNA.matrix interactions [reviewed in 8].
This report describes the molecular cloning of the Blots were washed at 658C in 0.1 3 SSC and 0.1% SDS
for 30 minutes and autoradiographed at 2808C. To assessmouse nephrin cDNA and an analysis of its protein prod-
uct. Consistent with nephrin detected in glomerular ex- the relative quantity of mRNA per lane, the blot was
stripped and reprobed with a mouse b-actin probe.tracts, the mouse nephrin cDNA encoded a protein with
an apparent molecular radius (Mr) of 185,000. Nephrin
Bacterial fusion protein expression and generationwas immunolocalized only in visceral glomerular epithe-
of antiseralial cells where it was targeted specifically to intercellular
junctions of foot processes. These results suggest that The bacterial expression vector pRSETA (Invitrogen,
San Diego, CA, USA) was used to express a hexahistad-nephrin is a CAM that participates in cell–cell interac-
tions between podocyte foot processes. ine-tagged mouse nephrin cytoplasmic domain fusion pro-
tein. A mouse nephrin fragment encoding the COOH-
terminal 155 amino acid residues (Fig. 1) and engineered
METHODS
with XhoI (59) and EcoRI (39) restriction sites so as to
Molecular cloning maintain the appropriate reading frame was amplified
by PCR and directionally subcloned into the preparedPolymerase chain reaction (PCR) employing synthetic
oligonucleotide primers complementary to the published pRSETA vector. The construct was sequenced along
both strands to assure Taq-Pfu polymerase fidelity andcDNA sequence of human nephrin (GenBank, Acces-
sion #AF035835) and a 17.5 dpc mouse kidney cDNA maintenance of appropriate reading frame. Following
bacterial transformation, fusion protein was expressedlibrary template [9] was used to amplify a mouse nephrin
cDNA fragment corresponding to the open reading as described [10]. Cells from 1 liter of bacterial culture
were pelleted, washed in phosphate-buffered salineframe encoding the cytoplasmic domain. The amplified
0.5 kb cDNA fragment was radiolabeled and used to (PBS), and resuspended in PBS containing 2 mm EDTA,
0.1% b-mercaptoethanol, 0.2 mm phenylmethylsulfonylscreen approximately 5 3 105 recombinants from the
same library. Filters were hybridized and washed as pre- fluoride (PMSF), and 5 mm benzamidine. Cells were
lyzed by sonication, and insoluble material was removedviously described [10]. Four positive clones were identi-
fied, purified to homogeneity, in vivo excised according by centrifugation. Hexahistadine-tagged fusion protein
was purified using a commercially prepared nickel-aga-to the protocol of the manufacturer (Stratagene, La Jolla,
CA, USA), and restriction mapped. The two longest rose column according to the directions of the manufac-
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volume of saturated ammonium sulfate solution, dis-
solved in PBS, and dialyzed against PBS. This dialyzed
sample was adsorbed to the nephrin affinity matrix. The
column was washed extensively with PBS, and antibodies
were eluted with 100 mm glycine, pH 2.5, and 0.5 ml
fractions were collected in tubes containing 50 ml of 1 m
Tris, pH 7.4. Fractions were dialyzed against PBS and
concentrated on Microcon filters (Amicon, Beverly, MA,
USA).
Eukaryotic expression construct
A cDNA encoding the full-length open reading frame
of mouse nephrin was amplified by PCR in two indepen-
dent reactions from commercially prepared mouse kid-
ney cDNA (Clonetech). The synthetic oligonucleotides
used included a 59 sense primer containing a Kozak’s
consensus sequence and an EcoRI site, and a 39 antisense
primer that included the stop codon and a EcoRI site.
Both independently amplified clones were ligated into
pCDNA3.1 (Invitrogen) and subsequently were DNA
sequenced in both sense and antisense directions to as-
sure Taq-Pfu polymerase fidelity.
Expression and analysis of eukaryotic constructs
293T cells (American Type Culture Collection, Rock-
ville, MD, USA) were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum (FCS), penicillin, and streptomycin. Two 3
105 cells plated on a 35 mm tissue culture dish were
transiently transfected with 2 mg of the appropriate euk-
aryotic expression plasmid using FuGene 6 (BMB) ac-
cording to the manufacturer’s protocol. After 48 hours,
cell lysates were prepared as previously described [10]
in 1 ml of RIPA buffer containing PBS, 0.1% SDS, 1%
Triton X-100, 0.5% deoxycholic acid, and protease inhib-
itors. Where noted herein, “protease inhibitors” refers
to 2 mm PMSF, 0.5 mg/ml pepstatin, 0.5 mg/ml leupeptin,
and 1 mg/ml aprotinin.
For Western analysis, 30 ml of cell lysate were sepa-
rated under reducing conditions by SDS-polyacrylamide
gel electrophoresis (SDS-PAGE). As previously de-
Fig. 1. Alignment of translated amino acid sequence of human and scribed [10], proteins were transferred to nitrocellulosemouse nephrin. The cytoplasmic domain was used as antigen for poly-
or polyvinylidine difluoride (PVDF) membrane (Bio-clonal antiserum development (underlined). The transmembrane do-
main is outlined by gray box. Rad, Richmond, CA, USA), blocked overnight, and in-
cubated with the indicated primary antibody diluted in
Tris-buffered saline (TBS) containing 0.1% Tween-20.
Blots were developed using the ECL chemiluminescent
turer (Novagen, Madison, WI, USA). Two rabbits were reagent (Amersham, Arlington Heights, IL, USA) and
immunized at four-week intervals with 0.25 mg fusion were subjected to autoradiography as directed by the
protein by intramuscular injection. After the third immu- manufacturer.
nization, antiserum was purified by immuno-affinity
Glomerular isolationchromatography. Briefly, purified recombinant mouse
nephrin cytoplasmic domain was covalently coupled to Adult kidneys were obtained from four- to six-week-
cyanogen-bromide agarose and was used as the affinity old C57BL/6 mice. Glomeruli were isolated by sieving,
as described elsewhere [11]. The average purity of thematrix. Whole antiserum was precipitated with an equal
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Fig. 2. Survey of mouse nephrin expression in adult mouse tissues.
Two milligrams of polyA1 RNA isolated from indicated adult mouse
tissues was separated by gel electrophoresis, transferred to nitrocellu-
lose, and probed with a radiolabeled mouse nephrin cDNA correspond-
ing in sequence to the cytoplasmic domain. The position of RNA size
markers is indicated at right. The same blot was reprobed with a mouse
b-actin probe to assess the equality of RNA loading.
glomerular preparations was approximately 60%. Glo-
meruli were lyzed in a RIPA buffer containing protease
inhibitors at a concentration of 10,000 glomeruli per ml
Fig. 3. Nephrin has an apparent molecular mass of approximately 185
extraction buffer. kDa. (A) Mouse glomerular lysate or lysate from COS 7 cells transiently
transfected with vector-only control or with expression vector encoding
nephrin was separated on SDS-PAGE, transferred to nitrocellulose,Endoglycosidase digestions
and immunoblotted with antinephrin antibody or with preimmune se-
Glomerular protein extract was incubated as indicated rum from the same animal. (B) Antinephrin immunoblots of mouse
glomerular lysate incubated with indicated combinations of endoglycos-in legends with 1 U/ml N-acetylneuraminyl hydrolase
idases. Relative molecular mass standards are indicated. AbbreviationsII (NANase II; Bio-Rad) and 0.1 U/ml O-glycopeptide are: NAN, NANase II; O, O-Glycosidase DS; N, PNGase F.
endo–D-galactosyl-N-acetyl-a-galactosamino hydrolase
(O-Glycosidase DS; BioRad) in a 50 mm sodium phos-
phate buffer, pH 6.0, for one hour at 378C. The sample
buffer was adjusted with 0.5 m sodium phosphate dibasic, GLEPP1 monoclonal antibody (1:200 dilution; gift of
and the sample was denatured by boiling for five minutes Dr. Roger Wiggins) or affinity-purified rabbit antimouse
following the addition of b-mercaptoethanol and SDS to nephrin polyclonal antibody (1:100 dilution) was used
final concentrations of 0.05 m and 0.125%, respectively. as a primary antibody. Primary antibody was detected
Following the addition of NP-40 to a final concentration with species-appropriate secondary antibodies conju-
of 0.0625%, the sample was incubated with 0.09 U/ml gated to fluorescein-isothyocyanate (FITC) or rhoda-
Peptide-N-glycosidase F (PNGase F; Bio-Rad) for three mine (Jackson Laboratories, Westgrove, PA, USA), as
hours at 378C. indicated in the figure legends.
Indirect immunofluorescence Immunogold electron microscopy
Kidneys of adult Sprague-Dawley rats or of adult or Kidneys from anesthetized newborn and adult mice
newborn CD-1 mice were removed, washed in cold PBS, were fixed by an injection of 1% paraformaldehyde and
and cryoprotected in sucrose prior to freezing in liquid 0.05% glutaraldehyde in 0.1 m phosphate buffer, pH 7.3.
nitrogen. Kidneys were cut in 6 mm sections on a cryostat. Kidneys were removed and fixed for two hours on ice,
washed with 0.1 m phosphate buffer, and dehydratedSections were fixed with ice-cold acetone. Mouse antirat
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Fig. 4. Nephrin is expressed in a glomerular epithelial cell-specific fashion. Fresh frozen adult rat kidney was fixed with acetone and incubated
with rabbit mouse nephrin polyclonal antiserum (A) or with both antinephrin antiserum and mouse antirat GLEPP1 monoclonal antibody (B and
C). Rabbit antimouse nephrin antiserum was detected with FITC-conjugated goat antirabbit IgG (B); mouse antirat GLEPP1 was detected with
rhodamine-conjugated anti-mouse IgG (C). (B and C) are photomicrographs of the same glomerulus exposed at wavelengths appropriate for the
detection of FITC or rhodamine, respectively (A, 3400; B and C, 32000).
with a graded series of dimethylformamide. Small, 1 mm relative molecular mass of 135 kDa. Primary amino acid
sequence alignment reveals that mouse nephrin showscubes of cortex were embedded in Lowicryl K4M (Polys-
ciences, Warrington, PA, USA) and polymerized under 86% similarity and 82% identity to the previously pub-
lished human nephrin amino acid sequence (Fig. 1).ultraviolet light at 48C. Ultrathin sections were picked up
on 250 mesh nickel grids, blocked with 0.5 m ammonium Analysis of primary sequence and of a plot of hydropho-
bicity predicts the presence of a signal peptide and achloride in phosphate-buffered saline (PBS) for one hour
at room temperature, and then reblocked with 5% nor- transmembrane domain. The 22-amino acid NH2-termi-
nal hydrophobic region closely fits von Heinje’s consen-mal goat serum plus 0.1% bovine serum albumin in PBS
for 1.5 hours at room temperature. Grids were then incu- sus for a signal peptide [12, 13]. Cleavage likely follows
the (23, 21) rule and occurs following Ala22. Like humanbated overnight at 48C with dilutions of affinity-purified
rabbit antinephrin IgG ranging from 1:50 to 1:100 in nephrin, the putative extracellular domain contains eight
immunoglobulin-like domains and one fibronectin typePBS. Sections labeled with irrelevant rabbit IgG served
as controls. Grids were washed exhaustively with PBS, III domain. Analysis of the putative cytoplasmic domain
reveals no similarity to known protein motifs.incubated for two hours at room temperature with goat
antirabbit IgG-10 nm colloidal gold (Amersham), and
The nephrin transcript is expressed in adiluted 1:20 in PBS. Grids were washed with PBS and
tissue-restricted fashionthen with distilled water and were stained with uranyl
acetate and lead citrate for 15 seconds each. The expression of the nephrin transcript in adult
mouse tissues was examined by Northern analysis (Fig.
2). At the level of sensitivity of Northern analysis, a 4.3
RESULTS
kb nephrin transcript was identified only in polyA1 RNA
Molecular cloning of mouse nephrin cDNA extracted from adult kidney. The length of the assembled
mouse nephrin cDNA isolated as discussed earlier hereA cDNA for mouse nephrin was isolated, cloned, and
sequenced. The mouse nephrin coding region was assem- was consistent with that detected by Northern analysis.
The generation of polyclonal immune serum to mousebled from a set of three cDNA clones isolated from a
17.5 dpc mouse kidney cDNA library and from a series nephrin and the initial characterization of the mouse
nephrin protein-rabbit antisera was raised to a purifiedof overlapping clones obtained by 59 RACE from a Mar-
athon mouse kidney cDNA library (Clonetech). Con- recombinant hexahistadine-fusion protein that included
the entire cytoplasmic domain of mouse nephrin, andfirmation of the nephrin cDNA sequence obtained by
PCR was achieved by comparison to exonic sequence nephrin-specific immunoglobulin was affinity purified. To
assess the specificity of the antibody and to test the struc-obtained from a mouse nephrin genomic clone (unpub-
lished data). The isolated nephrin message extends over tural predictions made by the mouse nephrin cDNA,
the full-length mouse nephrin cDNA was cloned into4.1 kb and contains a predicted open reading frame en-
coding a 1242 amino acid polypeptide with a predicted a eukaryotic expression vector (designated pNephrin).
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Fig. 5. Immunofluorescence photomicrograph
of frozen section of newborn mouse kidney
incubated with antinephrin. Early capillary
loop stage (arrowheads) and maturing glo-
meruli (arrow) are labeled. Other structures
within the kidney are unlabeled, including the
more primitive comma- and S-shaped struc-
tures that occupy the bracketed area immedi-
ately beneath the capsule (C) (3275).
pNephrin or an empty vector was transiently expressed SDS-PAGE exceeded that predicted by primary se-
quence analysis, we tested whether the nephrin corein 293T cells (human embryonic kidney cells). After two
days, these transfectants were lyzed, and a portion of peptide is post-translationally modified by glycosylation.
Protein extract of isolated mouse glomeruli were di-the cell lysate was separated by SDS-PAGE and was
immunoblotted. As shown in Figure 3A, the antinephrin gested with a combination of NANase II and O-Glycosi-
dase DS, then PNGase F, as described in the Methodsantibody recognized a protein with an apparent molecu-
lar mass of approximately 185 kDa in the pNephrin trans- section. The combination of NANase II and O-Glycosi-
dase DS removes all Ser/Thr-linked Gal(b1,3)Gal-fected cells but not in the vector-only transfectants.
Mouse glomeruli were isolated using a sieving protocol NAc(a1) from O-glycans. NAN II cleaves terminal a2,3-,
a2,6-, or a2,8-sialic acid substituted Gal(b1,3)GalNAc.and were lyzed. A protein of mobility similar to that of
overexpressed nephrin was identified by immunoblotting PNGaseF removes all Asn-linked oligosaccharrides. De-
glycosylation-induced changes in nephrin mobility were(Fig. 3A).
Because the apparent molecular mass of nephrin on detected by immunoblotting (Fig. 3B). Digestion with a
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Fig. 6. Electron micrograph of Lowicryl sec-
tion of newborn kidney processed for nephrin
immunogold labeling as described in the
Methods section. The developing glomerular
capillary wall from an early comma- or
S-shaped stage nephron can be seen. The vas-
cular cleft (VC) containing cytoplasmic pro-
cesses from vascular mesodermal cells is lo-
cated on the bottom of the figure, and above
this are visceral epithelial cells (VE) that are
developing into podocytes. Note the almost
complete absence of antinephrin colloidal
gold labeling, including the intercellular junc-
tional regions (arrows) between epithelial
cells. The boxed area is shown at a higher
power in the inset (319,000; inset 372,000).
combination of all three enzymes led to a decrease in the determine whether the immunoreactivity observed was
specific to the podocyte, sections were double labeledapparent molecular mass of nephrin to approximately
135,000. Digestion with NANase II and O-Glycosidase with a mouse monoclonal antibody directed against
GLEPP1 (Fig. 4 B, C). GLEPP1 is a transmembraneDS in combination or NANase II alone had no effect
on nephrin mobility, suggesting that within the limit of protein phosphatase that is expressed only on visceral
glomerular epithelial cells in the kidney [14]. As showndetection by this method, nephrin is not sialated. Diges-
tion of nephrin with PNGase F alone resulted in a shift by immunoflourescence microscopy, nephrin and GLE-
PP1 are expressed in a similar distribution within thein mobility similar to that observed following digestion
with all three endoglycosidases in combination. Consis- glomerulus.
tent with the observation that nephrin contains 10 poten-
Nephrin subcellular localization in developing andtial N-linked glycosylation sites, these results suggest that
mature glomerulithe nephrin core protein is N-glycosylated.
To evaluate when neprhin protein might first be de-
Nephrin is expressed in a glomerular tectable within glomeruli, we examined frozen sections
epithelial-specific fashion of newborn mouse kidney that had been immunolabeled
with antinephrin IgG. As shown in Figure 5, nephrinNephrin immunoreactivity was identified in a glomer-
ular-specific pattern in adult mouse kidney (Fig. 4). To was observed in early capillary loop stage glomeruli and
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Fig. 7. Earliest expression of nephrin in de-
veloping glomerulus. Micrograph taken from
same ultrathin section as that shown in Figure
6. Antinephrin immunogold labeling is now
seen specifically at basal margins (arrows) be-
tween differentiating podocytes (Po). Little or
no labeling is found elsewhere on the podo-
cytes, endothelial cells (En), or in the in-
tervening glomerular basement membrane
zone (*). CL, capillary lumen. The boxed area
is shown in the inset (317,000; inset 342,000).
in glomeruli in later developmental stages. Nephrin was faces in the slit pores (Fig. 8). As expected, because the
polyclonal serum used in these experiments was raisednot observed, however, in more primitive nephric struc-
against the cytoplasmic domain of nephrin, gold particlestures, such as comma- and S-shaped figures (Fig. 5).
were not generally observed within the slit pore itself.To examine the distribution of nephrin in more detail,
There was no labeling for nephrin in other regions of thewe carried out postembedding colloidal gold immuno-
glomerular capillary wall (Fig. 8), and sections incubatedlabeling of ultrathin Lowicryl sections of newborn kid-
with irrelevant antirabbit IgG as controls were com-ney. Little or no specific labeling was observed in vascu-
pletely negative. These results suggest the hypothesislar clefts of comma- and S-shaped nephric figures (Fig.
that as a putative CAM, nephrin participates in cell–cell6). The junctional complexes that were found between
interactions between adjacent foot processes.differentiating visceral epithelial cells in apical and lat-
eral areas were also devoid of immunogold (Fig. 6). How-
ever, beginning with early capillary loop stage glomeruli, DISCUSSION
colloidal gold particles were seen on or near intercellular The recent identification of the NPHS1 gene mutated
junctions between forming foot processes of podocytes in the CNF provides a valuable launching point for in-
(Fig. 7). There was no labeling on lateral or apical sur- vestigating the molecular basis of glomerular epithelial
faces of podocytes above these regions, and basal sur- cell pathobiology [7]. Recognition that mutation of
faces facing the underlying GBM were also not labeled nephrin singly results in the cellular alterations necessary
(Fig. 7). In more mature glomeruli in which foot process to achieve foot process effacement and nephrotic range
development appeared essentially complete, nephrin im- proteinuria emphasizes the pivotal role that this protein
plays in regulating glomerular filter integrity. This articlemunolabeling occurred exclusively on lateral pedicel sur-
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Fig. 8. Micrographs of maturing stage glomeruli of newborn mouse kidney. Near the bases of foot processes (fp), antinephrin immunogold localizes
exclusively to lateral margins of slit pores (arrows), and almost every slit pore is labeled. Endothelial cells (En) and the glomerular basement
membrane (*) are unlabeled (upper 340,000; lower 334,000).
reports the development of reagents necessary to study mophilic or heterophilic interactions or both remains to
be investigated. Indeed, nephrin may participate in footthe biology of nephrin in mouse and describes the initial
characterization of the nephrin protein. process–foot process interactions in a cis- and/or trans-
complex with other adhesion molecules such as those ofStructural analysis suggests that nephrin is a member
of the immunoglobulin superfamily of CAMs. CAMs the cadherin family because P- and R-cadherins have
been identified in the developing visceral glomerular epi-belonging to the immunoglobulin gene (Ig) superfamily
have diverse tissue distributions and functions. They may thelial cell [15, 16].
We are tempted to speculate that the nephrin is aparticipate in interactions important in a wide range of
cellular functions, including cell adhesion, spreading, and component of the “slit diaphragm” because it is the first
putative CAM that has been observed to be targetedmigration. Depending on the particular CAM involved,
these interactions may mediate either cell–cell interac- specifically to the slit pore. Examination of multiple glo-
merular sections by immunogold electron microscopytions or cell–extracellular matrix interactions using either
homophilic or heterophilic interactions (or both) [re- indicates that nephrin is localized to the lateral aspect
of the foot process where it may be concentrated at aviewed in 8]. Immunogold electron microscopy demon-
strates that nephrin is targeted to the intercellular junc- basal site consistent with the position of the slit dia-
phragm. However, because a few gold particles weretion between foot processes of mature mouse glomeruli
and to intercellular junctions between immature visceral noted at other positions along the lateral wall of the foot
process, we cannot definitively conclude that nephrin isglomerular epithelial cells foot processes in the devel-
oping glomerulus. These results suggest that as a putative a component of the slit diaphragm. Additionally, because
of the fixation, embedding, and staining procedures usedCAM, nephrin participates in cell–cell rather than cell–
matrix interactions. Whether nephrin participates in ho- in the postembedding immunogold technique, the slit
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diaphragm was not clearly visualized. Hence, other im- processes. Based on these earlier results and the findings
presented here, we hypothesize that nephrin is a CAMmunohistochemical techniques are necessary to verify
that nephrin localizes specifically to the slit diaphragm. of the Ig SF that is appropriately situated to participate
in intracellular signal transduction pathways necessaryAccumulating evidence suggests that the podocyte slit
pore is an adherens-like intercellular junction. First, oth- for the maintenance of podocyte foot process structure
ers have noted micrographs that the slit diaphragm on and slit diaphragm integrity.
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